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Abstract 
 
This thesis presents the research on developing new 
electrochemical methodologies for monitoring, evaluating, and 
understanding the cathodic disbondment of organic coatings, 
especially pipeline coatings. Buried metallic structures such as 
pipelines are protected against corrosion by the application of cathodic 
protection (CP) in conjunction with organic coatings. Under the effect 
of CP, the coating could disbond from the pipeline surface owing to a 
phenomenon usually referred to as cathodic disbondment. One 
consequence of cathodic disbondment is that metal corrosion could 
occur on structural surfaces under disbonded coatings. It is therefore 
important to predict, monitor, and understand the coating cathodic 
disbondment processes.  
The current practice in the industry for evaluating the cathodic 
disbondment of coatings is based on the excavation of the buried 
structures and visual inspection of the coated surface which is a very 
expensive and laborious process. The current practice for assessing 
cathodic disbondment resistance of coatings is usually based on the 
standard cathodic disbondment test (CDT). Various CDT methods 
such as AS4352 and ASTM G8-96 are widely employed in the 
laboratory to evaluate the cathodic disbondment of coatings. These 
standard methods, however, have a number of weaknesses. Firstly, 
the test results from these accelerated test environments are often 
found to be irrelevant to the real performance of buried pipeline 
coatings, so the results produced by these test methods have a 
significant number of uncertainties. Secondly, these methods involve 
ex-situ visual inspection of test samples after being exposed in an 
accelerated test environment for a long period of time (e.g. 28 days), 
so they cannot be used to monitor cathodic disbondment behaviour. 
Further, these test methods do not provide sufficient information about 
the processes and underlying mechanisms of cathodic disbondment. 
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Over the last few decades, various methods have been used to 
overcome limitations in these test methods. Laboratory-based 
scanning and physical and electrochemical techniques such as 
scanning Kelvin probe (SKP) and scanning acoustic microscopy 
(SAM) have been developed to study cathodic disbondment under 
meticulous conditions. One of the most commonly employed 
conventional electrochemical methods, i.e. electrochemical 
impedance spectroscopy (EIS), has also been employed to measure 
the cathodic disbondment of coatings. However, the capabilities and 
limitations of the EIS method in monitoring the cathodic disbondment 
of coated surfaces is not well understood.  
This research aims to overcome the limitations in current 
methods for monitoring, evaluating, and understanding the cathodic 
disbondment of organic coatings through the development of new 
electrochemical methodologies. Firstly, a detailed experimental 
investigation has been performed to evaluate and understand the 
working of conventional global EIS in measuring the cathodic 
disbondment of coatings. It has been revealed that global EIS can only 
obtain the averaged out impedance information related to the whole 
coated surface that is dominated by the small impedance of the 
exposed metal of a defected area. This suggests that the global EIS 
method is unable to provide local electrochemical impedance 
information that is essential for accurately monitoring and measuring 
the cathodic disbondment of coatings.  
In order to address the limitations with the conventional one-
piece electrode-based global EIS method, in this work, a multi-
electrode array-based local EIS mapping method has been proposed 
and developed to provide the capability of measuring the local 
electrochemical parameters on a coated surface. This new concept 
has been validated through experimental investigations revealing that 
the multi-electrode array is able to measure and recognize the 
inhomogeneous local electrochemical impedance associated with 
cathodic disbondment behaviour of coatings. Further experimental 
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investigation revealed that the new multi-electrode-based EIS method 
can be used to simulate the cathodic disbondment on one-piece 
electrode and for in situ monitoring, evaluation and quantification of 
the cathodic disbondment of coatings. Impedance mapping based on 
the new EIS method has been found to be capable of revealing the 
degree of coating disbondment in local areas on a multi-electrode 
array surface. Furthermore, the new EIS method has been found to 
perform better than the direct current measurement method. 
New methodologies developed in this work have also been 
used to perform mechanistic investigation on major factors affecting 
the rate of cathodic disbondment of coatings including the CP potential 
level, solution resistivity, and coating thickness. Local EIS 
measurement with an array of electrodes has been effective in 
obtaining good understanding of factors affecting the rate of cathodic 
disbondment. An examination of the effect of CP potential level on 
cathodic disbondment behaviour of coatings revealed that there is a 
significant increase in the rate of the cathodic disbondment of coatings 
at CP levels at which hydrogen evolution becomes the dominant 
cathodic reaction. It has also been found that the rate of the cathodic 
disbondment slows down in solution of higher resistivity, suggesting 
the influence of IR drops in the decrease in cathodic disbondment in a 
high resistivity solution. In addition, an increase in the thickness of 
coatings applied on electrode arrays caused a decrease in the rate of 
cathodic disbondment of the coating. The innovative research 
approaches in this thesis have led to new findings of critical 
parameters such as the critical CP potential for cathodic disbondment. 
These results and findings provide opportunities for preventing and 
monitoring cathodic disbondment in the pipeline industry. 
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1.1. Background 
A buried steel structure is usually in contact with a wet and 
corrosive soil environment. The application of a coating on the 
structure is a commonly used technique for corrosion control. Coatings 
are supposed to isolate the pipeline from the corrosive environment; 
however, no coating is defect free. Corrosion can occur at these defect 
sites by electrochemical reactions occurring simultaneously1. Anodic 
reaction involves the oxidation of steel: 
Fe       Fe2+ + 2e-                                                                               (1) 
Cathodic processes involve reduction reactions1: 
O2 + 2H2O + 4e-        4OH-    (e.g. dominant above -1100 mVSCE)   (2) 
2H2O + 2e-        H2 + 2OH-    (e.g. dominant below -1100 mVSCE)   (3) 
Corrosion prevention methods aim to reduce the rate of anodic 
reactions as shown in (1). One commonly used method to reduce the 
rate of anodic reactions is the application of a cathodic protection 
(CP)2, 3 potential which supplies additional electrons from an external 
source in order to satisfy the requirements of the cathodic reactions 
(2) and (3). According to the NACE standard SP01694, to achieve a 
safe level of CP, the applied potential shall not be more positive than 
-850 mV versus Cu/CuSO4 reference electrode (CSE). On the other 
hand, according to the Australian standard of AS 28325, the applied 
potential should not fall below -1200 mVCSE to avoid the destructive 
effect of over protection. However, in practice, pipeline potential could 
reach potentials more positive than -850 mVCSE or more negative than 
-1200 mVCSE owing to various reasons such as CP control issues and 
the effects of stray current6, 7. In cases where a high negative CP 
Introduction 
hapter 
1 
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potential is applied, excessive cathodic reactions (2) and (3) would 
occur, resulting in an alkaline environment that is believed to cause 
the cathodic disbondment of coatings by accelerating the loss of 
metal/coating adhesion bonds8.  
 
1.2. Problem statement  
Cathodic disbondment is one of the most significant modes of 
failure of coatings used for protecting buried metallic structures9 and it 
can promote general and localised corrosion on metal surfaces under 
disbonded coatings due to cathodic shielding10-16. Cathodic 
disbondment provides a lateral pathway whereby a corrosive solution 
gains access to the metal surface and, at the same time, limits the 
access of cathodic protection currents to the metal surface at the 
disbonded area. Consequently, corrosion under disbonded coatings 
represents one of the “worst case scenario” corrosion problems in the 
pipeline industry. Some practical methods to avoid corrosion issues 
related to cathodic disbondment of coatings are as follows: (i) pre-
assessing the cathodic disbondment resistance of coatings for 
facilitating the selection and pre-qualification of pipeline coatings and 
(ii) in situ monitoring of the cathodic disbondment of coatings for 
enabling more effective control of CP potential and environmental 
variables.  
Current techniques for the pre-assessment of coating’s 
cathodic disbondment resistance include standard methods of 
cathodic disbondment test (CDT)17-19. These methods are designed to 
assist the appropriate selection of coatings; however, they are often 
unable to predict the real performance of coatings in the field. They 
are unable to perform in-situ monitoring of cathodic disbondment that 
is important for the maintenance of coating and CP systems and also 
for CP level control. In-situ monitoring of cathodic disbondment of 
coatings is also useful for gaining mechanistic understanding of the 
phenomenon.  
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The lack of an appropriate cathodic disbondment monitoring 
technique might also be the reason behind the lack of mechanistic 
understanding of factors affecting the rate of cathodic disbondment. 
Recognising the factors affecting cathodic disbondment is essential for 
providing the conditions for minimising the rate of cathodic 
disbondment. Current information regarding the effect of parameters 
such as coating thickness, cathodic potential level, solution type and 
concentration, testing temperature, substrate topography, exposure 
time, and coating properties on the rate of coating disbondment are 
mainly from tests conducted using the CDT method20-22. The CDT 
destructively estimates the area of coating disbondment by stripping 
the loose disbonded coating after a specific time of exposure to a pre-
determined CP potential, so it is not capable of providing any in situ 
electrochemical information on processes occurring on the 
metal/coating interface for a mechanistic insight into the phenomenon.  
Over the last few decades, some techniques such as 
conventional electrochemical impedance spectroscopy23-27 and some 
scanning techniques such as scanning acoustic microscopy (SAM)28-
33, scanning Kelvin probe (SKP), scanning vibrating electrode 
technique (SVET)10, 34-37, and localised electrochemical impedance 
spectroscopy (LEIS)33, 38-41 have been employed to monitor coating 
disbondment; however, these techniques are either too meticulous for 
field applications or have limitations in performing in situ 
measurements of the cathodic disbondment of thick coatings. The 
limitations of these methods are discussed in section four of Chapter 
2 in this thesis.   
  
1.3. Scopes and aims 
The overall aim of this research is to develop new 
methodologies capable of in situ monitoring of cathodic disbondment 
of coatings in order to facilitate the detection and measurement of 
cathodic disbondment and understanding the factors affecting the rate 
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of cathodic disbondment. More specifically, this research project has 
the following aims: 
 
 To critically investigate the limitations and capabilities of 
conventional techniques for measuring the cathodic 
disbondment of coatings, with particular focus on 
electrochemical impedance spectroscopy (EIS). 
 To explore new approaches based on measuring direct current 
and local EIS by means of the multi-electrode array for 
evaluating and monitoring the cathodic disbondment. 
 To employ local EIS and current techniques for expanding the 
knowledge on the factors determining the rate of cathodic 
disbondment. 
 
1.4. Thesis overview 
Chapter 2 of this thesis presents a literature review to provide 
a background to the current research. The first two sections of the 
chapter define the cathodic disbondment issue and main mechanisms 
proposed for explaining the phenomenon. Section 3 of the chapter 
critically reviews the published research on major factors affecting the 
rate of cathodic disbondment in order to recognise the necessity of 
further detailed investigation and understanding of the significant 
factors. Section 4 presents a published paper which reviews the 
existing methodologies and testing methods for assessing and 
monitoring cathodic disbondment.  
Chapter 3 presents the materials, equipment, methodologies, 
techniques, and, data analysis methods employed in this research.     
Chapter 4 of the thesis presents the capabilities and limitations 
of global EIS measurement in monitoring the cathodic disbondment of 
coatings. The results of this investigation clearly suggest that local EIS 
measurement is necessary to accurately monitor and evaluate the 
cathodic disbondment of coatings. The second section of the chapter 
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introduces a new methodology based on in situ measurement of the 
local electrochemical impedance on a multi-electrode array. 
Experimentally, the capability of the electrode array in simulating the 
electrochemical behaviour of a coated integrated electrode is 
elaborated. This investigation suggested that the multi-electrode array 
could be considered a powerful tool capable of in situ monitoring and 
evaluating the cathodic disbondment of coatings. 
Chapter 5 of the thesis discusses the capability of the multi-
electrode array in detecting the commencement, monitoring and 
measuring the rate of cathodic disbondment of coatings. The first 
section of the chapter consists of a published paper which elaborates 
that electrochemical impedance mapping on coated multi-electrode 
array can successfully perform in situ monitoring of the 
commencement and expansion of cathodic disbondment of a coating. 
In the second section of the chapter, a series of complementary 
experiments are presented in order to obtain more information on the 
capabilities and limitations of multi-electrode array in monitoring and 
evaluating the cathodic disbondment of coatings. The performance of 
electrode arrays in simulating the disbondment behaviour of coating 
on one-piece electrode is elaborated. The advantages of 
electrochemical impedance mapping over direct current mapping 
under different testing conditions have been shown in this section.  
Chapter 6 of the thesis describes the new techniques 
developed in this work for understanding and quantifying the effects of 
three significant physico-chemical factors on the rate of cathodic 
disbondment. A detailed understanding of the effect of applied CP 
potential is presented in a published paper as the first section of the 
chapter. In the second section, the effects of coating thickness and 
solution resistivity on rate of cathodic disbondment is discussed. 
Chapter 7 summarises the key findings from this research and 
recommendations for further work.  
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2.1. Coating adhesion and disbondment 
          Coating’s adhesion to metal surface occurs through the action 
of physical and chemical forces at the interface of two approaching 
surfaces and the adhesion strength is a measure of the attractive 
forces between two surfaces1. According to Seré et al. 2 for organic 
coating/metal interface two types of adhesion can be identified: 
mechanical and chemical adhesion. 
Mechanical adhesion or mechanical interlocking generally 
occurs when the coating material penetrates the pits and crevices of a 
metal surface, thus it plays role when the metal substrate has a primed 
or porous structure. The mechanical interlocking helps primary 
physical bonds forms between the flow of coating and the metal before 
the coating solidifies. The coating afterwards would act as a 
mechanical anchor. Adhesion between surfaces is influenced by the 
presence of mechanical coupling, however, it is not as sufficient as 
chemical bonding to create the strong interfacial bonding3, 4. 
Chemical adhesion is the inter-atomic bonding at the interface. 
Chemical adhesion is usually caused by three types of forces: primary 
bonds such as covalent or ionic bonds (energies: 40–400 KJmol-1), 
secondary bonds such as dipole and van der Waals forces (energies: 
4–8 KJmol-1), and hydrogen bonds (energies: 8–35 KJmol-1). Metal-
organic coating bonds are typically secondary and hydrogen bonds. 
The hydrogen bonding depends on the acidic/basic structure of the 
organic coatings, as presented below: 
                                   H 
     MOH+ HXR          MO…HXR                                                       (1) 
     MOH+ XR          MOH...XR                                                          (2) 
Literature Review 
hapter 
2 
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Where     MOH is the hydrated metal oxide and XHR and XR are the 
organic coatings with acid or base strength containing oxygen (X) 5-7. 
Humidity is one of the factors which strongly affect coating- 
metal adhesion bonds. Coating adherence decreases steeply when 
the humidity exceeds a certain amount2. The presence of water at the 
coating-metal interface reduces the adhesion forces between the 
coating and metal oxides owing to the strong tendency of water to 
reach the iron oxide at the surface (40–60 KJ mol-1 which is higher 
than the energy of the metal-coating hydrogen bond)1, 8. Therefore, 
water uptake and then accumulation at the metal-coating interface can 
cause adhesion loss2. Leidheiser and Funke9 reported that several 
monolayers of water at the polymer/metal (oxide) interface cause the 
disbondment of polymer coatings from metals.  
There are various ways in which coating could disbond from a 
metal substrate such as (i) blistering, (ii) anodic undermining, and (iii) 
cathodic disbondment. Coating blistering is a common form of 
localised adhesion loss which happens through various mechanisms 
such as swelling of the coating and volume expansion due to water 
absorption, gas inclusion, and electroosmotic and osmotic 
influences10, 11. Anodic undermining occurs when corrosion reactions 
beneath the organic coating cause the separation of coating from the 
metal surface10-13. Cathodic disbondment is a more important and 
common form of coating disbondment that occurs frequently on coated 
metal structures protected by a cathodic protection potential. 
 
2.2. Cathodic disbondment and its underlying mechanisms  
It is generally believed that severe cases of cathodic 
disbondment of coating occur in the presence of accumulated 
aqueous solution at defect sites, such as scratches, cracks, or 
pinholes within the protective coatings. In this case, the products of 
CP-induced cathodic reactions are believed to adversely affect the 
strength of coating-substrate bonds and the coating detaches from the 
metal. This kind of detachment is usually referred to as cathodic 
  
 
21 | P a g e  
 
disbondment14, 15. Fig.1.1 schematically shows cathodic disbondment 
occurring on a coated substrate under CP potential when there is a 
defect in the coating. 
 
Fig.1.1. Schematic of cathodic disbondment occurring on a coated 
structure with defect in the coating when protected using CP potential 
 
The degree of cathodic disbonding has been found to be 
affected by excessive negative potential which accelerates 
electrochemical reactions and development of reaction products such 
as hydroxyl ions (OH-), H2 gas, or short-lived free radicals of oxygen 
reduction reaction. In the following sections, the role of the different 
cathodic reaction products in the cathodic disbondment of coatings will 
be discussed. 
Both cathodic reactions 1 and 2, mentioned in Chapter 1, 
generate hydroxyl ions, resulting in a highly alkaline environment in 
the vicinity of the coating defect areas. The accepted belief is that the 
resultant high pH solution leads to the commencement of cathodic 
disbondment at a coating defect edge10. During the propagation of 
disbondment, the pH beneath the disbonded organic coating is 
considered to be greater than 1416. High pH electrolyte can cause 
cathodic disbondment of coating from steel surface through three 
different mechanisms. 
The earliest proposed mechanism of cathodic disbondment of 
coatings due to high pH solution is based on the assumption that an 
alkaline solution would attack the polymer itself via saponification 
reaction (alkaline hydrolysis), causing the cohesive failure of the 
coating followed by detachment of the coating from the metal surface. 
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This idea seemed logical since the organic coatings used in the past, 
such as alkyd and oleoresinous coatings, are mostly oil-based 
coatings. The main components of these coatings are fatty acids and 
triglyceride oils which are vulnerable to alkaline attacks according to 
the following reaction:  
                  O                                               O 
 
R       O      C     R + XOH          X       O      C     R + H2O      (3) 
                                                                   
Where the coating containing fatty acid reacts with the base (XOH) 
leading to coating degradation. 
                  Koehler17 reported that an oil-based oleoresinous coating 
(4 µm) applied over steel was disbonded after exposure to a basic 
solution (pH 11.7) while it was not disbonded after the same duration 
of exposure to water, though pre-coating the steel surface with tin 
caused no disbondment on an oleoresinous coating exposed to a 
basic solution, resulting in speculations related to this idea. Hammond 
et al.18 examined the disbondment mechanism of an epoxy ester 
coating (10-30 µm). They detected traces of polymer at the metal 
surface with little or no traces of iron in the interfacial polymer. Their 
conclusion from this experiment was that the coating disbondment 
mechanism was due to destruction of the resin and the nature of failure 
was cohesive, located within the polymer. The concept of cohesive 
failure of coating is based on the idea that the alkaline solution reacts 
with certain functional groups (esters) of coatings; therefore, for the 
coatings without these functionalities, the mechanism of cathodic 
disbondment should not be related to coating hydrolysis. Watts and 
Castle6 studied the cathodic disbondment mechanism of an amine-
cured fusion-bonded epoxy using XPS analysis under CP potential of 
-1500 mVSCE. This coating, according to the product specification, 
does not contain ester functional groups and cannot be considered an 
oil-based coating; however, the author reported that after 2-mm 
disbondment, the locus of failure passes from the metal-oxide 
interface to the oxide-polymer junction. XPS analysis of the coating 
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film at the interfacial surface showed excess traces of sodium with very 
small traces of iron indicating that cohesive failure of coating should 
be the mechanism of coating disbondment. From the above, it is clear 
that there are some ambiguities in reported results, indicating the 
necessity of further investigation on the basics of this mechanism. 
The second proposed mechanism of cathodic disbondment in 
a high pH solution is that an alkaline solution attacks the iron oxide 
layer on a steel surface. Alkaline solution dissolves the hydrated iron 
oxide, causing adhesion loss and coating disbondment14, 19. 
Leidheiser et al. used ellipsometric techniques and observed surface 
colour change to examine the destruction of the oxide film during 
cathodic disbondment of a polybutadiene coating14. Leidheiser and 
Kendig20 reported that polybutadiene coated on steel (5 µm) was 
greatly disbonded after being exposed to a pH 13 solution, while the 
same coating was not disbonded at all on gold after being exposed to 
the same solution. Considering the fact that no oxide layer forms under 
the coating on gold, this result indicates the significance of oxide layer 
dissolution in the disbondment of coatings. It should be noted that the 
coating on the gold test sample disbonded in a similar manner to that 
on steel when a CP potential was applied on the sample. Watts and 
Castle6 used XPS to observe the reduction of the oxide layer in high 
pH solutions; they reported that this reduction occurred locally and was 
not occurring over the disbonded area. This means that oxide 
reduction is not necessarily a precedent phenomenon for cathodic 
disbondment. Nakache et al.21 disagreed with the notion that metal 
oxide dissolution is the main underlying mechanism of cathodic 
disbondment since according to the Pourbaix diagrams, the possibility 
of metal oxide dissolution depends on the nature of the substrate, the 
solution pH, and the applied potential. 
The third proposed mechanism for cathodic disbondment of 
coatings is based on the notion of displacement of the coating by a 
high pH aqueous solution9, 17. It is believed that the creeping of neutral 
or semi-neutral water at the coating-metal substrate interface would 
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lead to the destruction of the attractive forces between the coating and 
metal oxide because of the high energy of hydrogen bonds between 
water and metal surface. The adhesion level of the coating at this 
stage has been referred to as wet adhesion that is usually weaker than 
dry adhesion. However, high-pH water is even stronger than neutral 
water in displacing the oxide layer1, 17. This assertion was supported 
by Evans22 in terms of the ability of an alkaline solution to creep over 
the metal surface and displace the organic coating. 
Also, Koehler17 showed that an aqueous solution of ammonium 
hydroxide with a pH value of 11.7 caused disbondment of the organic 
oleoresinous and polybutadiene coatings from untreated steel while 
exposure of test samples to water did not result in disbondment. The 
pH of the solution in this work was below the pH level required for 
dissolution of the oxide film on the metal surface and lower than the 
level required for destruction of coating. It should be noted that in the 
investigation carried out by Koehler17, the condition of high pH solution 
was provided by an alkaline solution; however, in cases where the 
coated surface is exposed to CP potential, a pH of 14 might form at 
the coating-metal interface. This level of alkalinity is enough for oxide 
dissolution or polymer hydrolysis; therefore, it is not clear alkaline 
solution through which of the abovementioned mechanism causes the 
cathodic disbondment of coatings. 
Another product of cathodic reactions during the application of 
a CP potential in hydrogen evolution region (e.g. potentials more 
negative than -1100 mVCSE) is H2. It has been proposed that the 
evolution of hydrogen gas may be the driving force behind the cathodic 
disbondment processes at elevated CP potentials. It is suggested that 
the build-up of hydrogen gas (normally visible at the coating defect 
area as gas bubbles) at the interface of the coating and the steel 
substrate can mechanically lift the coating23-25 and cause cathodic 
disbondment. As mentioned earlier, Leidheiser and Kendig20 found no 
disbondment on a gold surface coated with polybutadiene exposed to 
high pH solution while it was greatly disbonded after cathodically 
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polarising the electrode to potentials more negative than -1100 mVSCE. 
They attributed this observation and also the different delamination 
rate for coatings with different thicknesses to the mechanical impact of 
hydrogen gas generated in cathodic disbondment processes. 
Nevertheless, the role of hydrogen gas as the driving force of cathodic 
disbondment has remained a hypothesis which has not been 
investigated nor verified experimentally. 
Other products of cathodic reactions are short- and long-lived 
highly reactive intermediates of oxygen reduction such as O2H•, H2O2, 
and, OH•, produced through the following reactions: 
O2+e─             O2─●                                                                                                                    (4) 
O2●─ + H+                    O2H●                                                                                                          (5)           
O2H+ e─             O2H─                                                                                                             (6) 
These free radical intermediates have been considered to be even 
more destructive than hydroxyl ions for coating-metal bonds, causing 
the detachment of the coating from the metal surface 21, 26-28.  
Wroblowa28 has presented the following possible mechanism for 
attack of the peroxide ion radicals to the polymer coatings: 
O2+e-                   O2─●                                                                                                                 (7) 
 O2─● +PH                     P● +HO2-                                                                                           (8) 
 P●+O2             POO●                                                                        (9)           
POO●+PH             P●                                                                        (10)                                                                                                            
Where the radical P● is generated as a result of oxidizing the polymer 
PH by the free oxygen radicals. The polymer radical (P●) itself causes 
the coating degradation. 
In order to understand the role of oxygen reduction 
intermediates in cathodic disbondment, Leng at al.26 compared the 
disbondment rate of two identical steel plates coated with polyamide-
cured epoxy ester (50–60 µm); one was exposed to an alkaline 
solution of sodium hydroxide purged with Ar inert gas and the other 
was exposed to a neutral sodium chloride solution open to air. They 
reported a very slow rate of disbondment for the test sample exposed 
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to the alkaline solution in the absence of oxygen as compared to the 
test sample exposed to the neutral solution in the presence of 
oxygen26. Since no oxygen reduction occurs in the absence of oxygen, 
this result suggests the significance of free radicals of oxygen 
reduction reactions in coating disbondment.  
Nakache et al. reported no disbondment on a copper surface 
coated with epoxy adhesive after it was exposed to alkaline solution 
with pH of 14 in the absence of oxygen for two months; however, an 
identical coated electrode exposed to CP potential of -800 mVSCE open 
to air showed cathodic disbondment. These authors correlated the 
formation of carboxylate species detected by Fourier transform infra-
red (FTIR) spectroscopy to oxidative attack on the epoxy adhesive by 
the free radicals from the oxygen reduction reaction. It should be noted 
that when a CP potential in a hydrogen evolution region is applied to 
a coated test sample, the role of short-lived free radicals will be 
insignificant at least in the commencement of cathodic disbondment of 
coating because the oxygen reduction reaction can be considered 
negligible under such conditions. According to some reports29, 30, 
oxygen under the disbonded coating would be consumed and 
depleted at an early stage of cathodic disbondment by the oxygen 
reduction reaction; therefore, specifically in case of tightly fitting 
coatings (such as thick pipeline coatings), the role of free radicals can 
be questionable owing to the absence of oxygen in the disbondment 
front to support the oxygen reduction reaction.  
2.3. Major factors affecting the rate of cathodic disbondment 
2.3.1. CP potential level 
As previously discussed in this chapter, according to published 
works, the products of the two main cathodic reactions of oxygen 
reduction and hydrogen evolution play a substantial role in the 
commencement and propagation of cathodic disbondment of coatings. 
At relatively lower levels of applied CP potential, the oxygen reduction 
is the dominant reaction and the produced hydroxyl ions and short-
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lived free radicals might be the driving force for cathodic disbondment. 
At higher levels of applied CP potential, the evolved hydrogen might 
also play a role in the commencement and propagation of cathodic 
disbondment. In addition, the rate of hydrogen evolution and hydroxyl 
ion formation depends on the level of CP potential31, 32. Therefore, the 
rate of the cathodic disbondment could be affected by the level of 
applied cathodic potential.  
The effects of applied CP potential have been examined 
previously by polarising coated metal test samples with defects to a 
range of negative potentials in test cells based on the standard test 
method usually referred to as “cathodic disbondment test” (CDT)33-38. 
Using this method, the disbondment behaviour of different types of 
coatings of various thicknesses such as liquid epoxy (255–900 µm)33, 
35, 36, 3-layer polyethylene (2000 µm)34, fusion-bonded epoxy (500 
µm)37, and high-build epoxy (150 and 500 µm)38 has been investigated 
under different levels of potentials from -500 mVCSE to -2500 mVCSE 
which covers both oxygen reduction and hydrogen evolution potential 
regions. A commonly reported finding is a strong dependence of the 
cathodic disbondment behaviour on the applied CP potential. By 
shifting the potential to more negative values, increased coating 
disbondment has been observed. A phenomenon that has been 
described in some reports is that coating disbondment increased in a 
non-proportional manner when the CP potential changed from a value 
within the region of oxygen reduction to a value within the region of 
hydrogen evolution34-37. For instance, when the applied CP potential 
increased from -1000 mVSCE (oxygen reduction region) to -1200 mVSCE 
(hydrogen evolution region), the disbonded distance on a defective 
polyethylene coating of 2000 µm thickness increased from 7 mm to 
12.5 mm34. The change in the applied CP potential from -1000 mVSCE 
to -1400 mVSCE caused a 1.6-fold increase in the disbonded areas of a 
255-µm epoxy coating. A non-linear relationship between the applied 
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potential and cathodic disbondment of epoxy coatings has also been 
reported in the literature37, 38.  
 
2.3.2. Concentration of salt 
The concentration of salt in the solution has also been 
recognised as a factor affecting the rate of cathodic disbondment of 
coatings19, 36, 39, 40. The concentration of salt affects electrolyte 
conductivity. Also, solution cations balance the charge of hydroxyl ions 
in order to form a high pH solution on the metal-coating interface; 
therefore, increasing the cation concentration is expected to lead to a 
higher pH under the disbonded coating which assists in promoting the 
cathodic disbondment at a higher rate 33, 36. 
Deflorian and Rossi19 studied the effect of NaCl concentration 
on cathodic disbondment of 70-µm polyester powder coating. The CP 
potential of coated electrode was -1000 mVAg/AgCl and the disbonded 
area was evaluated after physically removing the coating and the 
observation of the surface. They found that when exposing the coated 
test sample to distilled water (no sodium chloride), the disbondment 
was almost non-measurable and decreasing the concentration of 
sodium chloride from 0.6 to 0.06 led to a 6-fold reduction in the 
disbondment. The increase in cathodic disbonded area by increasing 
the salt concentration has been reported by other researchers too36, 39, 
40. Knudsen and Skar39 reported a linear relationship between the 
disbonded area and molar conductivity of the solution.  
 
2.3.3. Test temperature 
Temperature has also been recognised as a factor affecting the 
rate of cathodic disbondment33, 35, 37, 38, 41. Holub et al.33 found a direct 
proportional relationship between temperature and rate of cathodic 
disbondment. It was observed that for a certain potential, the current 
at the coated test samples exposed to different temperatures showed 
a direct proportional relationship with the testing temperature. It is 
known that increasing the temperature increases electrical 
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conductivity of a solution42. Chemical reaction kinetics would increase 
with the temperature, allowing increased generation of hydroxyl ions 
or hydrogen gas. These factors might explain how higher temperature 
leads to a larger disbonded area.  
Temperature might also influence the rate of cathodic 
disbondment by affecting the coating properties. It is well known that 
above the glass transition temperature (Tg), some properties of 
coatings such as water permeability and elasticity would change. 
Shreepathi et al.38 reported that for a high-build epoxy coating with 400 
µm thickness, the coating disbonded area increased 5 times by 
increasing the testing temperature from room temperature to 60°C 
(above the coating’s Tg). High-build epoxy gets softer at 60°C; 
therefore, more water permeates through the coating and more sites 
of cathodic reactions are formed under the coating. At a lower range 
of temperatures, Steinsmo and Skar35 observed a linear increase in 
the disbonded area by increasing the temperature from 10 to 50°C. 
However, the effect of temperature can be more complex at higher 
temperature ranges. Castaño et al.37 studied the cathodic 
disbondment behaviour of a fusion bonded epoxy coating with a 
thickness of 400 µm. An increase in disbondment was found after the 
testing temperature was increased from room temperature to 65°C; 
however, further increase in the temperature to 80°C and 90°C caused 
a decrease in the disbonded area. The authors attributed this 
observation to the possible decrease in the equilibrium solubility of the 
dissolved oxygen due to the increase of the temperature which in turn 
led to a lower rate of cathodic disbondment. McHattie et al.41 reported 
the opposite temperature effect for an epoxy coating of 250 µm. They 
observed a constant increase in disbondment with an increase in the 
temperature from 25°C to 90°C41.  
 
2.3.4. Dissolved oxygen concentration 
Oxygen concentration in solution has also been recognised as 
a factor affecting the rate of cathodic disbondment14, 39. The solubility 
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and concentration of oxygen may differ from solution to solution. For 
instance, the solubility of oxygen in distilled water, aqueous solution of 
0.1 M LiCl, and aqueous solution of 0.1 M CaCl2 at 25°C is 5.78, 5.63, 
and 5.08 cm3/l respectively14. The small differences in oxygen 
concentration of different solution where the oxygen concentration 
under the disbonded coating decreases due to the depletion of 
oxygen43, 44 by CP reactions could be significant. These small 
differences in oxygen concentration would be significant in relative 
terms and could significantly affect the system. Increasing the solution 
concentration also usually causes a decrease in oxygen solubility39.  
Leidheiser et al.14 reported that in the absence of oxygen in the 
solution, a low level of cathodic disbondment was observed on a 
polybutadiene coating when the test sample was polarised to -1.35 
VSCE. Knudsen and Skar39 investigated the cathodic disbondment 
behaviour of an epoxy coating of 271 µm thickness under -1050 mVSCE 
in air-saturated and oxygen-saturated solution. The test sample which 
was exposed to the oxygen-saturated solution was 2.8 times more 
disbonded than the test sample exposed to air-saturated solution.  
On the other hand, Leng et al.26 considered the effect of 
intermediate short-lived free radicals generated by oxygen reduction 
reaction. According to them, these intermediates are more detrimental 
to metal-coating bonding than hydroxyl ions. Since the rate of 
production of these intermediates is dependent on the dissolved 
oxygen concentration, the rate of cathodic disbondment can be related 
to the available oxygen on the metal surface under the disbonded 
coating. 
  
2.3.5. Coating thickness 
Another factor that has been found to affect the coating’s 
cathodic disbondment rate is the thickness of the coating33, 35, 38, 39, 45, 
although the mechanistic aspects of this effect are not well 
understood. A linear inverse relationship between the coating 
thickness and coating cathodic disbondment has been reported for a 
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coating thickness range of 100–400 µm14, 35, 38, 39, 45 and an exponential 
relationship has been observed for the studied thickness range of 
400–1200 µm45. Shreepathi38 and Knudsen and Skar 39 attributed the 
lower disbondment for thicker coating to enhanced barrier properties 
of thicker coatings against the access of water, cations or oxygen 
through the coating’s porosities towards the underneath substrate. 
Deflorian and Rossi46, employed double cell test setup for studying the 
role of oxygen diffusion through the coating thickness on disbondment 
rate of polyester coatings with thickness <100 µm. The oxygen content 
of solution was controlled by bubbling nitrogen to solution once in inner 
cell in which the solution was in direct contact to coating’s defect and 
also it was controlled once in outer cell which is isolated from the 
defect. The results of this investigation revealed the oxygen diffusion 
occurred 50% through the coating and 50% through the defect. 
Despite the accepted fact that cations and oxygen can reach 
the metal surface through the coating porosities46, it should be taken 
into consideration that in case of cathodic disbondment happening in 
the vicinity of the defect within the coating, another pathway for cations 
and oxygen to gain access to the metal surface is the lateral path from 
the defect to the delamination front. Using a double cylinder cell, 
Leidheiser et al.14 examined the cathodic disbondment of a defective 
coating with distilled water provided in the inner cylinder in contact with 
the defect and an aqueous solution of potassium chloride provided in 
the outer cylinder without any contact with the defect. No disbondment 
occurred on the 25-µm coating during 90-day exposure to this testing 
condition; however, when potassium chloride was provided in the inner 
cylinder and distilled water in the outer cylinder, the disbonded area of 
the coating was found to be around 36 cm2. The authors believed 
these results show that cation transport occurs largely within the 
tangential pathway between the defect and delaminating front 
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although cation migration through the coating’s porosities has not 
been ruled out47.  
Similar findings have been reported by Bi and Sykes 48. Based 
on their experimental results, Deflorian and Rossi46 suggested that for 
a polyester coating with a thickness range of 40–90 µm, depending on 
the size of the hydrated cations, the migration path would be different. 
Sodium cations mainly migrate through the defect but in the case of 
potassium cations with smaller dimensions of hydrated ions, two-thirds 
migrate through the defect and a third diffuse through the coating46.. 
Leidheiser et al.14 used a double-layer cell to study how the 
diffusion of water through a coating of 50-µm thickness affects 
cathodic disbondment. In the inner cell, the defect area was in contact 
with an aqueous solution of potassium chloride and the coating 
surrounded by the outer cell was exposed to distilled water, at 100% 
humidity and 50% humidity, respectively. The test sample exposed to 
water disbonded more than the other test samples and the test sample 
at 50% humidity showed minimal disbondment. The coating thickness 
studied in this work can be considered a thin coating (50 µm) and 
perhaps above a certain coating thickness threshold, the role of water 
diffusing through the coating could be considered negligible, and 
increasing the coating thickness would not affect the rate of 
disbondment. Although Leidheiser et al.14 and Shreepathi 38 observed 
such a threshold thickness, Houlub et al.33 reported a continuous 
decrease in cathodic disbondment by increasing the coating thickness 
from 300 to 1200 µm. No threshold thickness was observed in this 
work. 
 
2.3.6. Coating chemistry 
To study the effect of coating chemistry on cathodic 
disbondment rate, Harun et al. 49  coated the different steel plates with 
epoxy, polyurethane modified alkyd and a clear alkyd coating. The 
coated samples were exposed to 0.6 M NaCl at -1000 mVSCE. After 50 
hours exposure, the epoxy was disbonded around 0.5 cm2, while the 
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estimated disbonded area for polyurethane and alkyd coatings was 12 
cm2. The authors believe that since the epoxy’s chemistry is more 
resistant to degradation by alkaline solution, less disbondment was 
observed on epoxy samples than the disbondment observed on alkyd 
with a chemistry easily undergoing the hydrolysis. In another study 
Sørensen et al. 50 investigated the changes in the rate of cathodic 
disbondment  of an epoxy coating when antioxidants or free radical 
scavengers were incorporated in the coating’s formulation. The free 
radical scavengers interfere with chain propagation (reactions 
numbered 8 and 9 in section 2.2) as the main steps of coating 
oxidation in presence of free radical products of oxygen reduction 
reaction. The research findings showed that addition of <5 wt% free 
radical scavengers to epoxy coating caused a 50 % decrease in the 
disbondment. Steinsmo and Skar35 measured the disbondment of 
epoxy, epoxy-tar and vinyl-tar coatings after exposure of samples to 
solution under cathodic potential of -1400 mVSCE. The results revealed 
the highest disbonded area was observed on epoxy sample and the 
lowest on the epoxy-tar sample. These findings suggest that coating 
chemistry has a significant effect on coating’s cathodic disbondment 
rate, however little mechanistic discussion on the role of coatings 
chemistry in different cathodic disbondment behaviour has been 
provided. 
It should be noted that a full understanding of the effect of 
various factors on coating disbondment is not yet achieved. The CDT 
standard test method usually has been adapted and employed as the 
main methodology for evaluating the factors affecting the disbondment 
rate. It involves major difficulties in obtaining reproducible and 
consistent results on the effect of various factors influencing coating 
disbondment. With the CDT technique, the disbonded area is 
evaluated through a visual inspection of the disbonded area after 
removing the disbonded coating by mechanical force51. This method 
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of evaluation is subjective to human error and uncertainties in data 
analysis.  
Also, since this methodology is not able to monitor the cathodic 
disbondment and cannot provide any in-situ electrochemical 
information on the coating or coating-metal interface, in most studies 
involving this method, there is no explanation on the observed 
behaviour of cathodic disbondment under different environmental 
conditions. For instance, the results of the previous investigations 
show that there is a reverse relationship between the levels of applied 
CP potential and rate of cathodic disbondment; however, few 
mechanistic studies have been carried out to understand and explain 
this behaviour. Advanced methods are required to achieve full 
understanding of the cathodic disbondment phenomenon and factors 
influencing it. 
 
2.4. Testing methods and methodologies for measuring cathodic 
disbondment 
The following section of this chapter reviews and discusses the 
capabilities, limitations, and advantages of various standard methods, 
electrochemical techniques, and scanning methodologies in detecting, 
monitoring, and measuring cathodic disbondment. It is in the form of 
an accepted review paper written by the author of the thesis and co-
workers. 
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3.1. Materials 
Two coating systems have been used in different experiments 
carried out in this study. The first system involves a coating of clear 
epoxy (Hunstman Corporation) composed of Bisphenol A epoxy resin 
(Araldite GY 250) and polyamine hardener (Aradur 2965) mixed in 2:1 
ratio. The second system is a transparent polyester coating (Barnes 
products Pty. Ltd.) which consists of an unsaturated polyester resin in 
styrene solution mixed with 1 wt.% methyl ethyl ketone peroxide 
(MEKP) as a curing catalyst.  
To prepare the electrolyte or aqueous solution for various test 
cells used in this study, NaCl (Sigma Aldrich) was dissolved in distilled 
water in different concentrations. In cases where adjusting the 
solution’s pH was necessary, aqueous solution of 3 wt.% NaOH 
(Sigma Aldrich) was used. Nitrogen gas with more than 99% purity 
(Migomag Co.) was also used for deaerating the testing solution. 
 
3.2. Equipment and tools 
A VMP3-300 potentiostat (Bio-Logic Science Instruments) was 
used for applying the CP potential to the test samples of one-piece 
electrode or multi-electrode array and for measuring the EIS. This 
model of instrumentation benefits from an electrometer with a typical 
impedance input of 100 Tohm and capacitance of 6 pF. This 
potentiostat also provides the feature of controlling the potential on two 
working electrodes (WE) in an electrochemical cell using one common 
reference electrode (RE) and one common counter electrode (CE) 
through special connections called as “CE to Ground” and special 
arrangement and setting on the controlling software. 
Experimental methodology 
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A grid switching and signal measurement instrument (CPE 
Systems Pty. Ltd.) was used for measuring the local direct current and 
mapping currents on the multi-electrode array. This instrument is 
equipped with an automatic switcher and a zero resistance ammeter 
(ZRA) with the resolution of ±3 nA in current measurement. 
A digital Elcometer 456 thickness gauge was used to measure 
the coating thickness applied on the metal surface.  
The X-Ray Photoelectron Spectroscopy (XPS) spectra were 
recorded on a Kratos Axis Nova (Kratos Analytical, UK) using 
monochromated Al Ka radiation (1486.6 eV) produced at an anode 
power of 150 W with an electron analyser pass energy of 160 eV. For 
quantification, scans with a step width of 1 eV were performed. Data 
were evaluated with CasaXPS Version 2.3.16 (CasaXPS Ltd, UK) 
using relative sensitivity factors supplied with the instrument. 
The tools used for measuring pH, solution resistivity, and 
dissolved oxygen concentration are the hand-held EUTECH pH, 
AQUA- Cond conductivity meter, and WTW Oxi 330 handheld 
dissolved oxygen meter, respectively. 
 
3.3. Test sample and set-up preparation  
Conventional one-piece electrode 
To use the conventional one-piece plate as the working 
electrode, the surface of steel plates (API X65) with dimension of 100 
mm × 100 mm were first cleaned. The surface of the test samples was 
sandblasted based on the SSPC-SP 10/NACE No. 2 standard which 
cleans the surface from oil, grease, dirt, mill scale, rust, corrosion 
products, oxides, paint, or other foreign matter by abrasive blasting. 
After cleaning, the coating was applied to the surface using a 
drawdown coating applicator and was kept at room temperature for 
seven days to dry. An artificial defect of 6 mm diameter (0.28 cm2) was 
created in coated test sample using a flat-ended drill bit to the metal 
surface. The PVC pipe cylinders of 6 cm diameter and 10 cm height 
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were used to construct the test cells. The testing cells were filled with 
testing aqueous solution up to 8 cm of the PVC cylinder height.  
 
Multi-electrode array 
A new multi-electrode array with a slight modification to the old 
generation of WBEs was designed for this work. As it is shown in 
Fig.3.1, this multi-electrode array, consists of 100 square-shaped 
closely packed but individually isolated electrodes of mild steel grade 
1020 (2.44 mm × 2.44 mm) embedded in the isolating epoxy resin. 
The gap between the square shaped electrodes was kept small (gap 
size: 0.10 ± 0.05 mm). The electrodes could be connected together at 
the terminals of the electrode’s wires to simulate a conventional “one 
piece” electrode. 
 
Fig.3.1. Schematic of new multi-electrode array design 
         
 For cleaning the working surface, the multi-electrode array was 
polished with a 600 and 1200 grit SiC paper and cleaned with acetone. 
The coating was applied on the working surface of the multi-electrode 
array by brushing. The coated test sample was dried at room 
temperature for seven days. To create a coating defect, an artificial 
hole of 5 mm diameter (approximate exposed bare metal of 16.67 mm2 
surface area) was made at the centre of the coated test sample by 
  
 
54 | P a g e  
 
using an end mill to reach the metal surface. The coated multi-
electrode array (with a defect) was inserted and fixed into an 
electrochemical cell which was filled with a solution. The schematic of 
the coated working surface of the electrode with the defect in the 
coating is shown in Fig.3.2. 
 
 
Fig.3.2. Schematic of working surface of a multi-electrode array coated 
with transparent polyester coating with a defect at the centre of 
electrode 
 
3.4. CP application and EIS measurement 
To create the coating disbondment condition, a constant CP 
potential was applied to a coated one-piece electrode using the 
potentiostat, an Ag/AgCl reference electrode, and a platinum wire 
counter electrode (in a fritted glass tube of 10–15 micron pore size 
filled with saturated NaCl solution). The EIS on the one piece-
electrode was measured after selected periods of exposure time using 
a small perturbation potential of ±10 mV and frequency range of 100 
kHz–100 mHz under the CP potential. The schematic of the test 
sample and the setup used for EIS measurement on the one-piece 
electrode is shown in Fig.3.3. 
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Fig.3.3. Schematic of the EIS measurement setup on one-piece 
electrode 
 
To expose the coated array electrode to the condition of 
accelerated cathodic disbondment, a constant CP potential was 
applied to the coated samples using the potentiostat, an Ag/AgCl 
reference electrode, and a platinum wire counter electrode inserted in 
a fritted glass of 10–15 micron pore size. To perform in situ local EIS 
measurements for each electrode of the multi-electrode array, the 
terminal of the array electrode was connected to a manual switcher 
enabling the EIS measurement for each of the electrodes (as WE1 in 
Fig.3.4), while it was disconnected from the other 99 coupled 
electrodes (as WE2 in Fig.3.4). In order to perform an in-situ EIS 
measurement of WE1 whilst simultaneously controlling the CP 
potential on the WE2 (using one common RE and one common CE), 
two channels of the employed potentiostat with software setting mode 
of “CE to ground connection” were used. To obtain the measurement, 
WE1 of the test sample was connected to CE terminal of channel 1 
and the WE2 of the test sample was connected to CE terminal of 
channel 2. The Ag/AgCl RE was connected to coupled RE terminals 
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of both channel 1 and 2 and the platinum wire as CE was connected 
to the coupled terminals of REF 1 and ground (GR) from both 
channels. The same CP potential as test potential was applied to WE1 
until the response current was stable followed by measuring EIS at the 
same CP potential. Simultaneously, CP was applied to WE2 to 
cathodically protect the rest of the 99 electrodes.  
For measuring the EIS at the open-circuit potential, a normal 
three-electrode cell with one channel of potentiostat was used and EIS 
was measured over the electrodes. The EIS was measured with a 
perturbation potential of ±10 mV in the frequency range of 100 kHz to 
300 mHz.  
 
Fig.3.4. Schematic of the local EIS measurement setup on coated 
multi-electrode array 
 
3.5. Direct current measurement 
To measure the direct current on the multi-electrode array, the 
terminals of the electrode were connected to the grid switcher (Fig.3. 
5). The automatic switcher was programmed to have 99 electrodes 
connected to the WE1 terminal while leaving the remaining electrode 
connected to the WE2 terminal. After a certain pre-determined 
sampling time, the electrode connected to WE2 was changed following 
a pre-determined scanning sequence that sweeps the whole array. For 
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measuring the current under cathodic protection conditions, the CP 
potential was controlled over all electrodes in the array (as the working 
electrode) by a VMP3-300 potentiostat using a typical three-electrode 
setup. The zero resistance ammeter which was internally connected 
between WE1 and WE2 measured the current with a sampling rate of 
10 readings per electrode. For measuring the current under the OCP 
condition, the multi-electrode array was connected to the grid-
switching and signal measurement instrument without applying any 
potential and without a connection to the potentiostat.  
 
 
Fig.3.5. Schematic of the local direct current measurement setup on 
coated multi-electrode array 
 
3.6. Data analysis methods 
The EIS data obtained from coated electrodes were analysed 
using appropriate equivalent circuits and by employing the ZMAN 
2.3.2 and ZsimpWin V3.10 analysis software. The EIS parameter, 
which was used to plot the maps of impedance collected from the 
multi-electrode array, was the impedance at the lowest frequency 
(lZl300 mHz) determined directly from the Bode modulus plot of each 
electrode. The 10 × 10 matrix of lZl300 mHz was used to plot the maps 
collected for the test samples. The generated 10 × 10 matrix of local 
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direct current (i) measured from the array electrodes also was used to 
plot the current distribution maps using OriginPro 8.6 software. 
To estimate the disbonded area on the coated one-piece 
electrode after different periods of exposure, surface photography was 
done to visually record the circular lighten halo on the test samples. 
Disbonded areas observable on photos by circular halo were 
calculated using Digimizer software (V 4.1.1.0) through 8 radius 
readings. To calculate the disbonded surface area (DA), the surface 
area of defect (0.28 cm2) was subtracted from the surface area 
calculated using the radius from the centre of the defect to the outer 
edge of the halo.  
To estimate the disbonded distance from the impedance or 
current mapping technique, the 10 × 10 matrix was used in excel. The 
disbonded distance from the edge of the defect was calculated using 
the average of 8 radius readings. 
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4.1. Limitation of global EIS in measuring cathodic disbondment      
According to the literature 1-4, among the main techniques and 
methodologies for studying coated metals, EIS appears to be one of 
the most reliable and commonly used techniques for evaluating 
coating degradation and disbondment; therefore, this technique was 
selected as the main electrochemical measuring technique for this 
research. EIS can be performed in situ under CP potential and can 
provide electrochemical information about both the coating and 
coating-metal interface; however, in Chapter 2, most of the studies 
reviewed on employing EIS for monitoring cathodic disbondment 
showed unsuccessful attempts in using this technique for detection 
and evaluation of the disbonded area of coatings, albeit the limitations 
have not been well understood and discussed.  
In the first section of this chapter, a clear and detailed 
understanding of the capabilities and limitations of conventional EIS in 
monitoring the cathodic disbondment is presented in form of a 
published paper to provide information necessary for further 
methodology development. 
 
 
 
 
 
 
 
 
 
 
  Measuring cathodic disbondment 
using electrochemical impedance 
spectroscopy 
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4.2. Exploring the capability of the multi-electrode array in local 
EIS measurements  
As shown in Section 4.1, the main limitation of conventional EIS 
in monitoring cathodic disbondment arises from the nature of global 
EIS measurement using a single-piece electrode. Global EIS 
measurements can only provide averaged EIS data over the whole 
electrode surface. In cases of cathodic disbondment, the global EIS 
would result in impedance data being dominated by the relatively small 
impedance of bare metal at the defect area. For this reason, global 
EIS data would not accurately reflect changes in the impedance 
associated with coating disbondment. Conventional EIS method has a 
major limitation in local impedance measurement.  
In order to overcome this limitation, an electrode array, 
behaving as an electrochemically integrated electrode, has been 
suggested to replace the conventional one-piece electrode. Multi-
electrode array (often referred to as the wire beam electrode, WBE) 
consists of arrays of small electrodes which are inserted very closely 
in a resin matrix and are isolated from each other. These isolated 
electrodes can be connected electrically and integrated 
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electrochemically to simulate the electrochemical behaviour of the 
one-piece electrode, providing the ability of local electrochemical 
measurement.  
As discussed in the literature review (see Section 2.3 of the 
Chapter 2), previously, the WBE was employed mainly for measuring 
and mapping the local direct current on a metal surface or coated 
metal surface in various applications5-23; however, the capability of the 
technique in recognising inhomogeneous electrochemical impedance 
behaviour on a coated surface with defect and disbonded coating has 
not yet been examined. Another unresolved issue is that of whether 
totalising the measured local parameters on the electrode array would 
result in similar electrochemical impedance as the one-piece 
electrode. Addressing these issues is necessary for developing the 
electrode array into a new tool for measuring coating disbondment.  
In order to assess and explore the capabilities of the electrode array 
method, the totalised local electrochemical impedance obtained from 
different electrodes on a coated electrode array (with a coating defect) 
was compared with the overall EIS of the electrically integrated 
electrode array and with the global EIS of the one-piece electrode. The 
totalised local electrochemical impedance, the overall EIS, and the 
global EIS are expected to agree with each other if the electrode array 
behaves similar to a one-piece electrode. 
  Experimentally, for the purpose of creating inhomogeneous 
electrochemical activities on the surface of the multi-electrode array, 
the electrode surface was coated with a polyester coating of 1000-µm 
thickness with an artificial defect within the coating. As illustrated in 
Fig.4.1, the exposed surface of the coated multi-electrode array had a 
circular defect of 5-mm diameter at the centre, causing the exposure 
of several bare steel electrodes directly to the environment. The 
electrode array was then exposed to an aqueous solution of 3 wt.% 
NaCl under CP potential of -1400 mVAg/AgCl for 10 days. Local EIS 
measurements were taken after 10 days of exposure of the test 
sample. As shown in Fig.4.1, distinctly different EIS behaviours were 
recorded from different parts of the electrode array. These EIS data 
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clearly show inhomogeneous electrochemical impedance behaviour of 
the coated multi-electrode array. As shown in the typical Nyquist plot 
obtained from electrodes located  away from the defect area (e.g. 
location “A” in Fig.4.1), capacitive EIS behaviour can be seen with a 
large impedance value of around 9×107 ohm, suggesting the coating 
at location “A” remained intact. The Nyquist plot obtained from 
electrodes relatively closer to the defect (e.g. electrode at location “B”) 
showed characteristic behaviour with two time constants and relatively 
lower impedance in the range of 2×104 ohm, suggesting coating 
degradation at this region. The Nyquist plot obtained from the 
electrodes located at the defect area (bare steel exposed to solution 
at location “C”) showed very different EIS behaviour from those 
located at locations “A” and “B”, with one single time constant and very 
low impedance values of around 120 ohm. These data clearly 
demonstrate the capability of the electrode array-based EIS technique 
in recognising the inhomogeneous electrochemical impedance 
behaviour of a coated surface with defects. 
 
 
Fig.4.1. Typical Nyquist plots collected from different locations on 
exposed electrode surface of the coated multi-electrode array.  
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In order to determine whether totalising the measured local 
parameters on the multi-electrode array would result in similar global 
electrochemical impedance when all small electrodes are physically or 
electrically connected to each other, the local measured impedance 
values were summed up. Considering the parallel configuration of 
electrochemical cells on the coated multi-electrode containing a defect 
(Fig.4.2) the equivalent overall impedance can be calculated from 
using equation 124-26: 
 
1/Ztotal=1/Z1+1/Z2+1/Z3+…1/Zn                                                      e.q.1 
Where Ztotal is the equivalent overall impedance element and Zn (n=1-100) 
is the measured local impedance values on individual electrodes. As 
a result of totalising the local impedance values, relatively smaller 
reciprocal values of impedance for electrodes with intact coating or for 
coated electrodes with degraded coating would be masked by larger 
reciprocal values of the bare metal electrodes. 
 
 
Fig.4.2.Schematic of different local electrochemical cells and related 
electrical circuits distributed on multi-electrode array 
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The outcome of totalising the local impedance values is 
presented in the Nyquist and Bode modulus diagrams in Fig.4.3a and 
b. As it appears, the equivalent electrochemical behaviour of totalised 
local impedance values with a good approximation simulates the 
global electrochemical behaviour of the multi-electrode array when the 
electrodes are connected electrically (Fig.4.3c and d). From the plots, 
a single time constant electrochemical process with small values of 
impedance can be seen. Obviously, the collected and calculated 
impedance is dominated by the small impedance of the coating defect 
area. 
The measured EIS of a test sample of coated one-piece 
electrode with the same dimension as the multi-electrode array and 
with a defect size of approximately the same area is shown in Fig.4.3 
e and f. Similar electrochemical behaviour observed on the coated 
one-piece electrode confirms that the multi-electrode array not only 
allows the user to measure local electrochemical impedance but also 
simulates the electrochemical behaviour of the conventional one-piece 
electrode. The slight difference in the magnitude of impedance values 
may arise from the slight difference in the exposed metal area or 
different morphology of the exposed metal during the drilling process.  
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Fig.4.3. Nyquist and Bode modulus plots after 10-day exposure of 
coated multi-electrode array with a 5-mm diameter defect size (a, b):  
based on totalising the local EIS of small electrodes; (C, D) while all 
electrodes connected electrically; and, (e, f) measured on coated one-
piece electrode with a 5-mm diameter defect size 
 
In summary, the above points indicate that the newly designed 
multi-electrode array is able to successfully evaluate and measure 
inhomogeneous local electrochemical impedance behaviour on a 
coated surface with a defect and can simulate the electrochemical 
behaviour of the conventional one-piece electrode. Therefore, this tool 
can be employed to study the cathodic disbondment of coatings which 
requires a tool with the capability of providing local electrochemical 
measurements 
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5.1. Electrochemical impedance mapping for monitoring and 
evaluating cathodic disbondment 
In Chapter 4, it was shown that the overall EIS data collected 
from the conventional coated one-piece electrode when there is a 
defect within the coating is governed by the impedance of the defect 
area. This has been recognised as a limitation in the application of the 
EIS technique in monitoring the cathodic disbondment of a coating. 
Also, it has been shown that the multi-electrode array provides the 
capability of providing local EIS measurements and distinguishing the 
inhomogeneous electrochemical behaviour of a coated sample. Since 
the ability of the multi-electrode array in simulating the electrochemical 
behaviour of the one-piece electrode also has been established, the 
multi-electrode array can be considered a useful tool to overcome the 
limitations of global EIS in monitoring cathodic disbondment.  
In the first section of this chapter in a published communication 
paper, the capabilities and advantages of multi-electrode array in 
monitoring the cathodic disbondment of a polyester coating will be 
investigated using local electrochemical impedance measurements 
presented as impedance maps and impedance plots collected from 
samples during different exposure periods of the samples to solutions 
under CP potential. 
 
 
 
 
 
Developing a method based on      
electrochemical measurements on multi-
electrode array for monitoring cathodic 
disbondment 
hapter 
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5.2. Complementary experiments 
In order to gain more understanding on the performance of 
multi-electrode array in measuring the cathodic disbondment of 
coatings, a series of further experiments have been conducted. To 
understand how the measured disbonded area on a multi-electrode 
array simulates the disbonded area on one-piece electrode, the 
disbondment recognised through the coating’s appearance on a one-
piece electrode is compared with the disbonded area recognised 
through impedance mapping using the multi-electrode array. Also, the 
repeatability of the disbondment behaviour of the coating recognised 
by electrochemical mapping on the one-piece electrode is investigated 
and discussed in this section. In addition, as complementary 
experiments towards methodology development, the efficiency of 
impedance mapping in recognising the disbonded area under different 
testing conditions is investigated and compared with the direct current 
mapping technique. 
 
5.2.1. Ability of array electrode in simulating cathodic  
disbondment on one-piece electrode 
Since the efficiency of local impedance mapping using a multi-
electrode array in monitoring the cathodic disbondment of coating is 
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elaborated, it is necessary to understand how precise the multi-
electrode array is in simulating the disbondment behaviour of an 
identical coating on a one-piece electrode surface. The images on the 
left in Fig.5.1 show the disbonded area (appearing as a lighter area) 
on the one-piece electrode coated with a polyester coating of 1000-
µm thickness with a 5-mm diameter defect and the images on the right 
are those of the disbonded area observed on the impedance maps of 
the multi-electrode array coated with the same polyester of 1000-µm 
thickness and a coating defect of 5-mm diameter. Both test samples 
were exposed to 3 wt. % NaCl aqueous solution under CP potential of 
-1400 mVAg/AgCl for 624 hours. The disbonded area on the one-piece 
electrode (left images) is distinguishable by lighter halo around the 
defect and is highlighted with dashed yellow circles. The disbonded 
area on the impedance maps collected from the coated multi-electrode 
array can be recognised as sites with impedance values larger than 
5×103 ohm and smaller than 5×107 ohm. As it appears, the disbonded 
area recognised on the one-piece electrode after a different exposure 
time is very similar to the disbonded area distinguished by the 
impedance mapping for the surface of identical coated multi-electrode 
array test sample exposed to the same testing conditions. These data 
demonstrate that cathodic disbondment occurred similarly on surfaces 
of the electrode array and conventional one-piece electrode. 
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Fig.5.1. The appearance of coated one-piece electrode test sample 
with a defect after different exposure time (right hand side images) and 
the impedance maps collected from coated multi-electrode array with 
a defect (left hand side images) after (a) 1 hour, (b) 48 hours, (c) 120 
hours, (d) 360 hours, (e) 465 hours, and (f) 624 hours of exposure 
 
5.2.2. Repeatability of disbondment behaviour on multi-electrode 
array 
To investigate the repeatability of the disbondment behaviour 
of coating applied on the designed multi-electrode array, three 
identical test samples were prepared with the same surface 
preparation method, same thickness of 1000 µm, and with the same 
coating defect size of 5-mm diameter. The test samples were exposed 
to the same 3 wt.% NaCl aqueous solution and a CP potential of -1400 
mVAg/AgCl was applied to the test samples over a 600-hour period. The 
impedance mapping was performed at various exposure periods for 
all three test samples and the disbonded distance on each test sample 
was obtained from the average of 8 radial readings on the obtained 
matrix of data points. Fig.5.2a presents the disbonded distance 
against the exposure time for the three different test samples. In 
Fig.5.2 b, the variation in disbonded distance measured for the three 
identical test samples is presented with the error bars with a maximum 
standard deviation of ±0.3 mm. These data demonstrate good 
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reproducibility of cathodic disbondment experiments using electrode 
arrays.    
 
 
Fig.5.2. (a) The disbonded distance against exposure time for three 
identical test samples of multi-electrode array coated with polyester of 
1000 µm thickness and a defect of 5-mm diameter at the centre of test 
samples exposed to 3 wt.% NaCl aqueous solution under -1400 
mVAg/AgCl CP potential for 600 hours, and, (b) the variation in disbonded 
distance for three test samples in terms of the error bars measured at 
different exposure time  
 
 
5.2.3. Comparing the performance of impedance and current 
mapping 
It has been previously mentioned (Section 4 of Chapter 2) that 
direct current mapping has been used in previous research for 
monitoring the delamination and cathodic disbondment of coatings1-5; 
however, a detailed investigation of the performance of the technique 
under different conditions is not available. In order to gain a better 
understanding of the multi-electrode array’s capabilities and limitations 
in determining the disbonded area of coatings, the performance of 
both techniques of impedance and direct current mapping are 
compared under various cathodic disbondment test and measurement 
conditions.  
As shown in Fig.5.3a and b, after exposure of the polyester-
coated multi-electrode array to the solution for 624 hours, both 
techniques of current and impedance measurement under CP 
potential of -1400 mVAg/AgCl and exposure to 3 wt.% NaCl solution 
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(resistivity of 20 ohm-cm) were able to determine the same disbonded 
area on the test sample. However, when the measurements were 
performed on this test sample under the CP potential of -950 mVAg/AgCl 
and exposed to the same test solution, as shown in Fig.5.3c and d, the 
EIS mapping was successful in determining the disbonded area while 
current mapping was not. As shown in Fig.5.3d, the majority of the 
disbonded sites on the current maps were characterised with current 
values close to zero (-3<i<+3 nA) which can be recognised as sites 
with intact coating. The impedance maps, however, correctly 
measured the disbonded area (similar to impedance map of Fig.5.3a). 
In a separate experiment, when another multi-electrode array coated 
with 200 µm polyester, after being completely disbonded, was 
exposed to distilled water with high resistivity of 20 Mohm-cm, the 
current mapping performed under -1400 mVAg/AgCl was not successful 
in distinguishing the coating’s disbonded area, as shown in Fig.5.3f, 
with most areas on the current map showing current values close to 
zero while the disbonded area was correctly observed on the 
impedance map (Fig.5.3e). 
These results revealed that although most parts of the 
polyester-coated electrode had been disbonded after 624 hours of 
exposure, the current maps at lower CP potential and higher solution 
resistivity did not correlate with the cathodic disbonded area of the 
coating accurately, while electrochemical impedance mapping 
measured at the same conditions was successful in accurately 
evaluating of disbonded area. This observed behaviour can be 
explained by the oxygen depletion and potential drop (IR) 
phenomenon. Per previous investigations based on simulated 
disbonded coating gap, it has been reported5, 6 7-10 that the content of 
dissolved oxygen inside the disbondment crevice is normally depleted 
by the oxygen reduction reaction (either at CP potential or at OCP 
potential). Therefore, after 624 hours, most probably all the oxygen 
under the disbonded coating was consumed. When current mapping 
is performed under CP potential of -950 mVAg/AgCl, the potential drop 
occurs. For instance according to Fig.5.3 for an electrode very close 
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to the defect considering the resistance (R= 5000 ohm) and the level 
of current applied at the defect (I= 4000×10-9 A), the IR drop would be 
calculated as 20 mVAg/AgCl. Therefore, considering the potential drop 
the oxygen reduction very likely is the only possible reaction under the 
disbonded coating and since no oxygen is available there, the direct 
current values at these site is very close to zero although the coating 
is disbonded and the solution exists there. When the multi-electrode 
array is polarised to -1400 mVAg/AgCl, the calculated IR drop (= 52870 
A× 3500 ohm) for the same electrode would be estimated as  
185 mVAg/AgCl, therefor, the expecting potential at the electrode would 
be around -1215 mVAg/AgCl. In this case the hydrogen evolution 
reaction becomes possible under the disbonded coating and the 
measured direct current arises from the hydrogen evolution reaction 
which reflects the coating disbondment status accurately. 
Likewise, when the solution has a high resistivity, even when 
the electrode is polarised to high CP potential of -1400 mVAg/AgCl, a big 
potential drop occurs in the narrow disbondment crevice and the only 
possible reaction under the disbonded coating is oxygen reaction; 
therefore, zero current appears on the map even under the disbonded 
coating. On the other hand, since AC EIS technique is based on 
stimulating the electrochemical reaction on the metal-coating interface 
using a sinusoidal small amplitude potential in a wide range of 
frequencies11-14, it can recognise the disbonded area on the electrode 
through charge and discharge of electrochemical capacitances with no 
necessity for net electrochemical reaction current. 
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Fig.5.3. Maps of electrochemical impedance and direct current 
measured over coated multi-electrode array after 624 hours: (a, b) 
measured under -1400 mVAg/AgCl with exposure to a solution of 20 
ohm.cm resistivity, (c, d) measured under -950 mVAg/AgCl with exposure 
to a solution of 20 ohm-cm resistivity, and, (e, f) measured under -1400 
mVAg/AgCl with exposure to a solution of 20 Mohm-cm resistivity  
          
In summary, the experiments presented above revealed that 
cathodic disbondment behaviour observed on a multi-electrode array 
is similar to the coating disbondment behaviour of a one-piece 
electrode; therefore, the electrode array can be used as a tool for 
studying the cathodic disbondment behaviour of coatings. The multi-
electrode array has also shown good repeatability. In addition, on 
studying the performance of current and impedance mapping under 
different testing conditions, it was found that electrochemical 
impedance mapping works more efficiently than direct current 
mapping in evaluating the cathodic disbondment of coatings. 
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In this chapter research has been extended to gain a better 
understanding of the factors affecting the rate of the cathodic 
disbondment and to investigate the efficiency of multi-electrode array 
in quantifying the factors affecting the rate of cathodic disbondment. 
The effects of three parameters, i.e. CP potential level, solution 
resistivity, and coating thickness, on the rate of the coating 
disbondment has been investigated using both current and impedance 
measurements on coated multi-electrode arrays. The outcome of this 
investigation can help us to understand the optimum physical and 
environmental conditions for minimising the rate of cathodic 
disbondment of coatings and the cathodic disbondment phenomenon 
itself. The discussion on the affecting factors starts with a section in 
form of a published paper by the author and co-workers which 
investigate the effects of CP potential on coating’s disbondment. 
 
6.1. Effect of CP potential level on rate of cathodic disbondment 
AUTHORSHIP STATEMENT 
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Understanding the effects of applied cathodic protection potential 
and environmental conditions on the rate of cathodic disbondment 
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multi-electrode array 
F Mahdavi, M Forsyth, MYJ Tan. 
Progress in Organic Coatings, 103 
(2017): 83-92. 
Name of executive author Academic Unit/Division if based at 
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2. Inclusion of publication in a thesis 
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6.2. Effect of solution resistivity on rate of cathodic disbondment 
In order to investigate and understand the effect of solution 
resistivity on the rate of cathodic disbondment, three identical test 
samples of coated multi-electrode array with polyester of 1000-µm 
thickness and a defect of 5 mm within the coating were exposed to 
different solutions with different NaCl concentrations (different solution 
resistivities) under CP potential of -1400 mVAg/AgCl. Fig.6.1 shows the 
current maps on all three test samples after 600 hours of exposure to 
test solutions. It should be noticed that the EIS measurement on all 
samples including the sample under high resistivity was in a complete 
agreement with the current measurements. This means non-
disbonded areas on current maps were recognized as not disbonded 
in EIS measurements too.  
 
 
Fig.6.1. The current maps collected after 600 hours on multi-electrode 
array test samples coated with polyester coating of 1000 µm with a 
defect of 5-mm diameter within the coating exposed at CP potential of 
-1400 mVAg/AgCl to solutions with different resistivity: (a) distilled water 
with resistivity of 20 Mohm-cm, (b) 1.5 wt.% NaCl with resistivity 40 
ohm-cm, and (c) 4 wt.% NaCl with resistivity of 18 ohm-cm. 
 
As shown in current maps in Fig.6.1a and b, adding 1.5 wt.% 
NaCl to distilled water caused a significant increase in the coating 
disbonded area. The solution resistivity of distilled water was 
measured as 18 Mohm-cm which is significantly higher than the 
resistivity of 1.5 wt. % NaCl solution (40 ohm-cm). Further decrease in 
the solution resistivity from 40 ohm-cm to 18 ohm-cm (4 wt.% NaCl) 
 104 | P a g e  
 
caused only a slight increase in the cathodic disbonded area of the 
coating (Fig.6.1c). On the other hand, on comparing the maps in 
Fig.6.1b and c, it can be found that current values measured on coated 
sites close to the defect is larger on test sample exposed to the lowest 
resistivity solution, indicating that coating at the mentioned local sites 
was more disbonded for test sample in this case. To obtain further 
information on the degree of coating disbondment at sites close to the 
defect area, the Nyquist, Bode, and phase angle modulus diagrams 
collected from an electrode at the same location on all three test 
samples after 600 hours of exposure are shown in Fig.6.2 for 
comparison. 
 
 
Fig.6.2. The Nyquist, Bode, and phase angle modulus diagrams 
collected for the same location on the coated multi-electrode array test 
samples with coating thickness of 1000 µm after 600 hours of 
exposure to solutions with different resistivities: (a, b) 20 Mohm-cm,  
(c, d) 40 ohm-cm, and, (e, f) 18 ohm-cm under -1400 mVAg/AgCl 
 
The Nyquist, bode, and phase angle modulus diagrams 
collected for all test samples are recognised with two time constants. 
The time constant at higher frequency should be related to the 
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contribution of the coating to EIS data1-3. It can be seen that at the 
highest frequency (500 kHz), the impedance appears to be diminished 
for the test sample exposed to the solution with lower resistivity. The 
phase angle diagrams also show a lower degree of the phase angle at 
the highest frequency for test samples exposed to the solution with 
lower resistivity. Since an intact coating would show the highest 
degree of phase angle (90°)4, a decreased degree of the phase angle 
at highest frequency would suggest decreased contribution of the 
coating to EIS data. Therefore, at the investigated local sites, the test 
samples exposed to lower resistivity values have disbonded to a 
greater extent.  
The second time constant which is related to the 
electrochemical reactions at the metal surface1 is more normally 
shaped as a complete semicircle on test samples exposed to lower 
resistivity. Also, the diameter of the second semi-circle is smaller for 
the test sample exposed to the solution with the lowest resistivity, 
indicating the lower charge transfer resistance (Rch) on the metal 
surface under the disbonded coating for this test sample; this indicates 
a larger disbonded area1. 
Fig.6.3a shows the rate of cathodic disbondment versus time 
for all three multi-electrode samples exposed to solutions with different 
resistivities. As it appears, for test samples exposed to solutions with 
40 ohm-cm and 18 ohm-cm resistivity, a continuous propagation of 
cathodic disbondment during 600 hours was observed. However, 
disbondment on the test sample exposed to distilled water stopped 
increasing at the early stage of the exposure period. This suggests 
that when coating is exposed to a solution with high resistivity, the drop 
in the potential due to high resistivity of the solution would be large 
enough, so the cathodic reaction products will not develop under the 
disbonded coating to support the propagation of coating disbondment. 
Fig.6.3b shows that adding 1.5 wt.% and 3 wt.% NaCl to distilled water 
increases the rate of cathodic disbondment 5 and 7 times, 
respectively. These results clearly show the important contribution of 
solution resistivity in coating disbondment. The decrease in coating 
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disbondment with increase in solution resistivity has been also 
reported before5-9. 
 
Fig.6.3. (a) The disbonded distance versus exposure time for three 
test samples of multi-electrode array coated with polyester of 1000-µm 
thickness with a defect of 5-mm diameter within the coating exposed 
to NaCl solution with different resistivities under CP potential of -1400 
mVAg/AgCl, (b) disbonded distance versus NaCl concentration and 
solution resistivity after 600 h of exposure of test samples 
 
 
6.3. Effect of coating thickness on the rate of cathodic 
disbondment 
To investigate the effect of coating thickness on the rate of 
cathodic disbondment, three test samples of multi-electrode arrays 
coated with polyester of different thicknesses (200±10 µm, 1000±20 
µm, and 2800±20) with a defect of 5-mm diameter within the coating 
were exposed to a solution of 3 wt.% NaCl under CP potential of -1400 
mVAg/AgCl. Fig.6.4 shows the current maps collected from the test 
samples after 600 hours of exposure to the test solutions. As it is 
shown, the disbonded area on the maps appears to decrease 
significantly with an increase in the coating thickness from 200 µm to 
2800 µm. 
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Fig.6.4. The current maps collected after 600 hours on the multi-
electrode array test samples coated with different coating thicknesses 
with a defect of 5-mm diameter within the coating exposed to a solution 
of 3 wt.% NaCl solution under CP potential of -1400 mVAg/AgCl 
 
In order to gain a more detailed understanding of the coating 
disbondment processes, Bode modulus and Nyquist diagrams were 
also collected from a coated electrode close to the defect area and at 
the same location on all three test samples. It is clear from the 
diagrams in Fig.6.5 that for the test sample with the lowest coating 
thickness (Fig.6.5a), after 600-h exposure to the solution, the first 
semi-circle of the Nyquist plot observed at the highest frequency of 
500 kHz diminished to a greater extent than the other two test 
samples. The higher regression of the high frequency semi-circle 
which represents the coating time constant suggests higher coating 
degradation or disbondment. The phase angle modulus diagrams also 
show that at the highest frequency, the lowest degree of the phase 
angle is observed for the test sample with the lowest thickness 
(Fig.6.5b). These data suggest that greater coating disbondment at 
local sites occurred on the test sample with lower thickness.  
On the other hand, the coating capacitance derived from 
analysis of EIS data (around 4 nF/cm2) on the sites with intact coating 
show that no or very negligible water absorption by coating occurred 
during 600 hours on the coated test samples, even on the test sample 
with a coating thickness of 200 µm. In some published works, it has 
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been reported that the rate of cathodic disbondment decreases with 
an increase in the coating thickness, and this has been attributed to 
low diffusion of the solution through the coating’s porosities8, 10 6, 11-13.              
Here, the fact that less disbondment occurred for a thicker 
coating might be explained by a different hypothesis. Since the main 
pathway by which the solution and oxygen gains access to the metal 
surface on the disbondment front is the disbondment crevice (see the 
schematic of Fig.9 of section 6.1), for thinner coatings, the 
displacement of metal-coating bonds by a solution or via mechanically 
pushing of the coating by hydrogen gas would be easier; 
consequently, a greater amount of the solution and oxygen would 
reach the disbondment front and a wider disbondment crevice might 
be formed for a thinner coating. This would create a condition with a 
lower drop in the CP potential and availability of more solution and 
oxygen at the metal-coating interface. This in turn would lead to the 
formation of more cathodic reaction products for supporting the 
cathodic disbondment.                                
This hypothesis is in good agreement with that proposed by 
Leidheiser and Kendig14, who believe in the contribution of a 
mechanical component in cathodic disbondment of coatings based on 
their observation of the difference in the disbondment rate as a 
function of film thickness and based on the fact that polybutadiene 
coatings on gold did not disbond rapidly when exposed to a high pH 
but did disbond when cathodically polarised.  
The observed larger disbonded area on coatings with lower 
thickness can be explained by another hypothesis based on the 
diffusion of oxygen through the coating thickness 5, 8, 10. For samples 
with lower thickness of coating more oxygen in a certain period of time 
can diffuse through the coating to reach the metal surface under the 
disbonded coating, thus, more of the cathodic reaction products such 
hydroxyl ions and oxygen free radicals form at disbonded front under 
the coating leading to observing a higher disbondment rate on coating 
with lower thickness.  
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Fig.6.5. The Nyquist, Bode, and phase angle modulus diagrams 
collected from the same location on the multi-electrode array test 
samples coated: (a, b) with coating thickness of 200 µm, (c, d) with 
coating thickness of 1000 µm, and, (e, f) with coating thickness of 2800 
µm after 600 hours of exposure of the test samples to 3 wt.% NaCl 
solution under -1400 mVAg/AgCl  
 
          The effect of coating thickness on the rate of cathodic 
disbondment has also been quantified by evaluating the mapping of 
local electrochemical parameters. Fig.6.6 a shows that for all three test 
samples, the disbonded distance increases linearly with extension of 
exposure time. Fig.6.6 b shows the disbonded distance for three test 
samples with different thicknesses of coating. Increasing the coating 
thickness from 200 µm to 2800 µm (14 times increase) caused a 2.3-
fold decrees in the coating disbonded distance which means the 
 110 | P a g e  
 
relationship between the coating thickness and coating disbondment 
is not directly proportional. More detailed study on the effect of the 
coating thickness can be conducted under varying environments and 
CP conditions to achieve a full understanding of these interrelated and 
complex issues.    
 
 
Fig.6.5. (a) The disbonded distance versus exposure time for three 
test samples of multi-electrode array coated with different coating 
thicknesses with a defect of 5-mm diameter within the coating exposed 
to solution of 3 wt.% NaCl solution under CP potential of 
-1400 mVAg/AgCl, (b) The disbonded distance versus coating thickness 
measured after 600 h of exposure of the test samples  
 
In summary, from the above discussed experiments, the multi-
electrode array has been successfully employed to quantify the effects 
of CP potential, solution resistivity, and coating thickness on the rate 
of cathodic disbondment under selected test conditions. The results of 
the experiments showed that though the rate of cathodic disbondment 
increases by increasing the CP potential level, the significant rate of 
disbondment is observed at CP potential levels where the hydrogen 
evolution reaction becomes dominant. This means for minimising the 
rate of cathodic disbondment, applying CP potential in the hydrogen 
evolution region to the coated structure should be avoided. Also, it was 
found that the higher solution resistivity helps to minimize the rate of 
cathodic disbondment. This can be helpful in designing the CP 
systems by taking diverse local soil resistivities into consideration in 
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order to minimise the rate of coating disbondment in the industry field. 
The significance of coating thickness could also be considered in 
minimising the risk of coating cathodic disbondment. 
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This chapter presents a summary of key findings resulting of 
the research presented in this thesis and how they contribute to the 
field of coating and corrosion sciences. From these findings, a set of 
future steps for further extension of this research are proposed. 
 
7.1. Summary 
This research aimed at developing new electrochemical 
methodologies for monitoring, evaluating, and understanding the 
cathodic disbondment of organic coatings, especially thick pipeline 
coatings. Buried metallic structures such as pipelines are protected 
against corrosion using CP in conjunction with organic coatings. Under 
the CP potential, coating might disbond from the pipeline surface 
owing to the cathodic disbondment phenomenon. One consequence 
of cathodic disbondment is metal corrosion occurring on the structure 
surface under the disbonded coating. It is therefore important to 
predict, monitor, and understand the cathodic disbondment process of 
coatings.  
In Chapter 2 of the thesis, a critical review of the current 
practices of evaluating the cathodic disbondment of coatings has been 
presented, with particular focus on the identification of the gaps in the 
knowledge on cathodic disbondment and on the limitations associated 
with existing testing and research methodologies for evaluating 
coating disbondment. Current practices in assessing the cathodic 
disbondment resistance of coatings have a number of weaknesses. 
Firstly, the test results from these accelerated test environments are 
often found to be irrelevant to the actual performance of buried pipeline 
coatings; therefore, significant uncertainties remain in these test 
methods. In addition, these methods are based on ex situ visual 
     Summary and recommendation  
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inspection of test samples after being exposed in an accelerated test 
environment for a long period of time; therefore, they cannot be used 
to monitor the cathodic disbondment of coatings. On the other hand, 
these test methods do not provide sufficient information about the 
processes and mechanisms of cathodic disbondment. Also, 
laboratory-based scanning physical and electrochemical techniques 
such as SKP and SAM have limitations in practical engineering 
applications. EIS has been identified to have the potential for studying 
the cathodic disbondment of coatings; however, the capabilities and 
limitations of the EIS method in monitoring the cathodic disbondment 
of coated surfaces have not been understood, so the method has not 
been successfully employed in practical applications. The multi-
electrode array has been found to be a technique capable of 
measuring local electrochemical parameters on a coated surface; 
however, ambiguous results have been reported in the studies on 
coating disbondment.   
In Chapter 4, a detailed experimental investigation has been 
performed to evaluate and understand the capability of conventional 
global EIS in measuring the cathodic disbondment of coatings. It has 
been found that global EIS can only obtain averaged impedance 
information for the whole coated surface that is dominated by the small 
impedance of the exposed metal of the defect area. The changes in 
the impedance which are expected to occur because of cathodic 
disbondment of coating does not reflect accurately in collected EIS 
data collected from coated one-piece electrodes. These results 
suggest that the global EIS method is unable to provide local 
electrochemical impedance information that is essential for accurately 
monitoring and measuring the cathodic disbondment of coatings. In 
order to address the limitations of the conventional one-piece 
electrode-based global EIS method, in this work, a multi-electrode 
array-based local EIS mapping method has been proposed to provide 
the potential capability of measuring local electrochemical parameters 
on coated surfaces. This new concept has been validated through 
experimental investigations revealing that the multi-electrode array is 
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able to measure and recognise the inhomogeneous local 
electrochemical impedance associated with the cathodic disbondment 
behaviour of coatings.  
In Chapter 5, the new approach of in situ monitoring and 
evaluating cathodic disbondment of coatings based on 
electrochemical impedance mapping on multi-electrode array has 
been described. Experimental investigations revealed that the new 
multi-electrode-based EIS method can be used to simulate cathodic 
disbondment on one-piece electrode and to perform in situ monitoring, 
evaluation, and quantification of the cathodic disbondment of coatings. 
Impedance mapping based on the new EIS method has been found to 
be capable of revealing the degree of coating disbondment in local 
areas on an electrode array. On the other hand, the new EIS method 
has been found to perform better than the direct current measurement 
method. Experimental results confirmed that impedance mapping 
using electrode arrays was able to detect the early stage and gradual 
expansion of the coating’s cathodic disbondment during long exposure 
periods under CP. Also, it has been experimentally shown that this 
new approach provides the opportunity for eliminating the effects of 
the low-impedance coating defect regions by electrically disconnecting 
the area from the whole testing electrode. This facilitates the probing 
of electrode processes and mechanisms in selected regions of 
heterogeneous electrode surfaces.  
In Chapter 6, the capability of the array electrode in quantifying 
the effect of major engineering parameters including the CP potential 
level, solution resistivity, and, coating thickness on the rate of cathodic 
disbondment had been investigated. New methodologies developed in 
this work have been found to be effective in quantifying the effect of 
these factors. The examination of the effect of CP potential level on 
cathodic disbondment behaviour of coatings revealed that there is a 
significant increase in the rate of the cathodic disbondment of coating 
at CP levels at which hydrogen evolution becomes the dominant 
cathodic reaction. It has also been found that the rate of cathodic 
disbondment decreases in solutions with higher resistivity, suggesting 
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that the potential drop plays an important role in slowing the cathodic 
disbondment of coatings in a high resistivity solution. In addition, 
increasing the thickness of coating applied on array electrode caused 
a decrease in the rate of cathodic disbondment of the coating. The 
presented innovative research approaches have led to new findings of 
critical parameters such as the critical CP potential for cathodic 
disbondment.  
 
7.2. Recommendations for future work 
 The multi-electrode array employed in this research is designed 
in a way that individual square shaped electrodes are closely 
packed but isolated using epoxy resin. Epoxy resin is not 
resistant to high temperature and it may collapse in the process 
of heat treating the surface (up to 250°C) for applying powder 
coatings such as fusion-bonded epoxy (FBE) or powder 
polyesters on the surface of array electrodes1. Substitution of 
epoxy resin with a high temperature resistant polymer such as 
Teflon resin not only may help improve the heat resistance of 
the array electrodes but also might be helpful in improving the 
function of the array electrode with regard to possible 
“disbondment resistance effect” arising from the coating-
isolating resin adhesion. Designing a multi-electrode array with 
a larger surface area is recommended to simulate the 
disbondment behaviour of coated structures such as coated 
pipelines. This would help investigate the disbondment 
behaviour of coatings at longer distances from the defect area. 
 In addition to three major factors affecting the rate of cathodic 
disbondment studied in this research, there are still some other 
important factors such as dissolved oxygen concentration and 
temperature that need further investigation. Studying the 
mechanism of the effect of these factors using electrochemical 
impedance measurement on multi-electrode array would have 
a significant impact on the understanding of the phenomenon. 
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For instance, eliminating the dissolved oxygen of the solution 
when the electrode’s potential level is at the oxygen reduction 
level can help to understand the significance of developing high 
pH in propagation of cathodic disbondment in lower CP 
potential levels. In this case, since direct current measurement 
might not be efficient, measuring the local electrochemical 
impedance on the multi-electrode array can help monitor the 
status of the cathodic coating’s disbondment and the 
mechanism of reaction on the metal-coating interface. 
 As it is elaborated in Chapter 2, although in a few studies  
coating chemistry has been found as an effective factor on rate 
of cathodic disbondment 2, 3, 4 sufficient information on the 
mechanistic aspects of this phenomenon is not available . Since 
the multi-electrode array provides the ability for measuring local 
electrochemical impedance and local direct current on coated 
surfaces, the mechanism of cathodic disbondment due to local 
variation in coating chemistry and formulation can be facilitated 
using the multi-electrode array. Employing the technique for 
obtaining a fundamental understanding of cathodic 
disbondment behaviour of different coating using EIS mapping 
on array-electrode is recommended.  
 As it has been revealed in the discussion of Chapters 5 and 6, 
local electrochemical impedance behavior over the coated 
multi-electrode array normally is not heterogeneous. Different 
sites depending on the status and degradation advancement of 
coating show different EIS behavior. Analysing the local EIS 
data by employing the analysis software and by considering a 
certain physical equivalent circuit specific to each local site, 
would help to derive useful information on the mechanistic 
aspects of the electrochemical behavior on metal surface under 
the cathodically disbonded coating. Therefore, a 
comprehensive investigation on the mechanic aspects of the 
local heterogeneous electrochemical behavior based on the 
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computerized data analysis is highly recommended as a future 
task. 
 Despite the fact that cathodic disbondment has been studied 
for several decades in terms of different aspects including the 
mechanism of the phenomenon or the factors affecting the rate 
of cathodic disbondment, it is still frequently reported as the 
main mode of failure in industries such as buried oil and gas 
pipelines. This problem might have been due to the lack of an 
appropriate technique to be used for further investigation of 
minimisation of the disbondment rate of coatings when in 
service. A coated multi-electrode array can be buried and 
connected electrically with the structure to be exposed to the 
similar condition as the structure. The remote in situ local 
electrochemical impedance and current measurements to 
monitor the coating disbondment can be performed on an array 
electrodes without the need for digging the electrode up. The 
preliminary experimental investigation by the author showed 
that multi-electrode array performed efficiently in monitoring the 
cathodic disbondment of coating in conditions provided by a 
large soil box that is designed to simulate the environmental 
and CP condition of buried pipelines. Therefore, employing the 
array electrode to investigate the requirements for minimised 
cathodic disbondment rate on pipeline coatings is highly 
recommended. 
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